Ripening is important to tomato quality, taste and nutrition. In this study, the maturity of plant-fruit was on-line investigated based on electrical impedance spectroscopy (EIS). The electrodes with sensing unit for contact force between samples and electrodes were designed. After fruits turn into green-white, impedance measurements were conducted on the fruit samples at various ripening stages in the range of 1 Hz to 1 MHz. The optimal frequencies (100 Hz, 1 kHz and 1 MHz) for maturity assessment were selected and five electrical impedance parameters at three sensitive frequencies were determined. The equivalent circuit model with CPE was developed and the model performance was evaluated. The soluble solid content and pH of fruit were determined and analyzed to explain the variations in EIS parameters sufficiently. Results showed that the impedance, phase angle, resistance, reactance and capacitance increased with the progression of maturity. The selected impedance parameters could be used to classify tomato samples into immature class or mature class with the accuracy of 88.3%. Impedance analysis for different samples from the same branch demonstrated that the ripening stage of all other samples could be predicted and assessed by the impedance spectroscopy from one sample.
Introduction
Fruit quality is closely related to the fruit maturity degree [1] . The appropriate ripening of fruits offers better taste with the desired nutrients. However, both the unripe and overripe are not satisfactory. Hence, in order to determine an optimum ripening state which all the essential and important nutrients can be supplied, it is essential to study the ripening process of fruit. Furthermore, a great deal of information about the physiological and biochemical changes emerging in the fruits can be obtained by monitoring the ripening process [2] . The characterisation of vegetables has been a significant issue in the automatic picking with robotic arms in plant. Characterisation techniques commonly comprise destructive and non-destructive techniques, and non-destructive characterisation techniques are welcomed for the automatic detection in maturity degree and picking of robotic arms. Non-destructive techniques such as optical, ultrasonic, microwave, near infrared reflectance spectroscopy (NIRS), image and semiconductors have been successfully applied to the assessment of fruits and vegetables [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] . To detect unripe tomatoes, a sensor for predicting tomato maturity was developed based on spectral and colour features of green mature tomatoes [13] . Traditionally, fruits and vegetables were harvested prior to full maturity to avert the rot and decay during the period from harvest to consumption.
In fact, respiration dominated and photosynthesis terminated after fruits and vegetables were plucked from plants. Thus the quality (such as flavour) of advanced picking fruits and vegetables are greatly reduced compared with naturally ripe ones. The quality of the tomatoes also depends on the maturity stage obtained at harvest [14] . Tomato is a very common and useful vegetable all over the world. Ripening tomatoes, which are rich in vitamins and minerals, are important to human health [15] . Hence, studying of tomato ripening is of great importance, which will not only help people to have better quality tomato but also help the researchers and scientists to analyse its taste, nutrient contents and quality.
Although the chemical and biological methods can be used to evaluate the ripening state and the quality of fruits, these techniques are destructive, time-consuming and hardly suitable for routine applications [16] .
Besides, chemical and biochemical methods need to prepare special samples, special laboratory set up, expertise and time [16] . Therefore, to study the tomato ripening state and to evaluate the tomato nutrients levels noninvasively, a non-destructive tomato ripening process technique is essential for fast, reliable and repetitive monitoring. NIRS and computer vision have been applied in maturity evaluation. However, the confronting main problem of NIRS is the robustness of prediction model because the prediction performance of NIRS model varied with external factors such as temperature, light, water availability and production years [7] . To improve model robustness, a large amount of data at different production conditions which is difficult to obtained at most situations is necessary. Moreover, the sensitivity of computer vision to environmental factors such as light limited its practical use.
As a low cost and simple technique, electrical impedance spectroscopy (EIS) has been widely used to non-destructively characterise fruits and vegetables. Compared to other new microscopic techniques, the EIS is considered competitive because of the advantage in vivo detection of early changes both in physiological and structure stress [17, 18] . It has been recently applied in the characterisation of fruits and vegetables in a very high frequency range [6, 14, [18] [19] [20] [21] [22] . At present, the assessments using EIS on maturity of apple [23] , mango [14] , durian [19] , banana [2] and nectarine [3, 4] have been reported. These studies focus on the post-harvest fruits and the electrical impedance measurements were conducted off-line.
However, few studies on the ripening evaluation of tomatoes based on EIS have yet reported. The changes in sugars, acids, pH and other quality parameters during extended vine holding of ripe processing tomatoes were studied, results indicated that vine holding of ripe fruit detrimentally impacts quality, especially pH and titratable acidity [24] . The intractable problem of high pH in tomato juice encountered by tomato processors was caused by increased average maturity at plucking [24] . pH is one of the important quality attributes of processing tomatoes. It has been advised that 4.4 is the maximum desirable pH value for food safety and the optimum target pH should be 4.25 [25] . The electrical impedance of tomatoes was measured to investigate the physiology of fruit maturity; results show that the angular frequency for different samples such as cutin and cuticule of mature and immature fruits has different dielectric behaviour for each membrane [26] . However, the aim of these studies was also focused on the postharvest fruits and vegetables, hardly aim at the tree-ripening or plant-ripening fruits and vegetables.
A plenty of important physiological changes emerging in the fruits was associated with many variations such as ethylene production, respiration and enzyme activity [27] . In the post harvested state, as the fruits are removed from their source of water, minerals and sustenance, the fruits tissues continue to respire using available and stored sugars and organic acids, and they begin to senesce rapidly. In fact, photosynthesis terminated and respiration dominated after fruits and vegetables were detached from plants. It is suspected that the physiological property is different between postharvest fruits and plant-ripening fruits. The aim of this study is to discriminate the ripe status of plant-ripening tomatoes on a plant by measuring the impedance of tomatoes and attempt to determine the appropriate picking time.
Materials and methods
Experiments were conducted in the Venlo greenhouse of Jiangsu University, China (32°11′N, 119°27 E), under controlled conditions such as photoperiod of 16/8 h (light/darkness), daily air temperature and relative humidity ranging from 21°C to 25°C and between 70% and 85%, respectively, and light radiations of 800 μmol/(m 2 ·s). Experiments were carried out from April to August, 2016.
Sample preparation
Tomato seedlings (Hybrid "908") were cultivated with perlite and watered with nutrient solution in a Venlo greenhouse. Tomato fruits go through three different stages: green, white green and red. The branch with at least 4 tomato fruits was selected. After fruits turn white green, 60 tomatoes with uniform size, regular shape, without damage or defects were adopted in this study. Impedance measurement was conducted four times and the corresponding treatments were successively named as T1, T2, T3 and T4 along with progression of ripening process. The intervals of each measurement were 5 d. Tap water was used to remove foreign material on the fruit surface while the impedance tested area was carefully cleaned using a tissue before impedance measurement. Volume and temperature are correctly recorded. To avoid injuring the fruit tissue and ensuring good contact between samples and electrodes, the proper contact force (4N) between the electrodes and fruit skin are determined based on multiple tests .
Volume measurement
Considering the mass of plant-fruit was difficult to measure, the fruit volume was measured to overcome the effect of fruit size on impedance. Thus the bulk impedance was calculated and used in this study. The volume range of the measured tomato fruit is 196 ±17 mL. The bulk impedance (BI) could be describes as:
where Z i is the impedance at i th measurement. V i and V 1 were the volumes at the i th and first measurements, respectively. Because it was difficult to directly measure volume using conventional instrument for object with irregular shape, the "drainage method", i.e., the volume of water drained for the object was adopted in this study. The detailed steps were as follows. First, the tomato was completely immersed into a 500 mL-break filled with water and then the spilled water was collected and the volume was recorded by measuring cylinder. The volume must be measured gently to avoid fruit being detached from plants.
Soluble solid content determination
Soluble solid content (SSC) are used as a measure of sugar content and are determined from detection on tomato fruit juice. Fruit juice was extracted for each tomato immediately after the impedance measurement. The sugar level of fruit increases from the calyx-end to the stem-end as is well-known. Therefore, tomatoes were cut into longitudinal slices in order to eliminate sugar discrepancy in different part of fruit. Then juice was extracted by putting tomato slices into a blender, centrifuged at 3000 r/min for 3 min, and filtered through filter paper to get clear juice. The pH determination was conducted at a constant temperature of 25ºC considering influence of temperature variation on pH measurement.
The SSC was determined by means of an Atago Pallete Series Model PR101 a digital refractometer (Atago Co. Ltd., Tokyo, Japan). The refractometer readings are known as Brix scale, which are regular expressed in percent total soluble solids by weight [28] . o Brix was determined by a hand held refractometer with measuring range from 0 to 32 % Brix. Data were read from the graduations by placing several drops of tomato fruit juice on the top of the prism assembly.
pH determination
The pH value of tomato juice was determined with a PHSJ-3F pH Meter (Shanghai Precise Scientific Instrument Co., Ltd, Shanghai, China). Three replicated pH readings were averaged for each sample.
Bulk impedance measuring system
Considering the fruits such as apple and tomato with regular shape, impedance values keep nearly constant value when measured was conducted across a definite periphery which possessing approximately same diameter [14] . The three pairs of measurement points on the circumference, 120 o apart, were selected and the three corresponding readings were obtained for each tomato. The measurement values were calculated for three replicated measurements on each sample.
The vivo impedance measurements of fruits were performed with a combination of Solartron 1260A Impedance/Gain-Phase Analyzer and 1294 impedance interface (Solartron Analytical, England, UK). It extends the measurement capability of the frequency response analyser to address such applications as bio-impedance spectroscopy and high impedance materials testing. The data from impedance analyser were automatically transmitted to a personal computer (PC) through a GPIB interface. The measurement system is shown in Figure 1 and the experimental device can be seen in Figure 2 Measuring electrodes included pressure sensor, two copper electrodes, insulation pad, screw, nut, support frame and regulating handle. Two electrodes were glued to insulation pads with insulation glue. EIS is based on the measurement of current that passed through the samples.
Electric current was closely associated with the contact area between the sample and electrode. The impedance value was influenced by contact area between electrodes and fruit [14] . The large contact area will lead to lower resistance and higher capacitance and hardly ensure the good contact with the fruit where predominately have curved surfaces. The small cross-section area will cause higher impedance and be able to keep good contact with the fruit surface. Various cross-sectional areas were tested and copper electrodes with 10 mm diameter (1mm thickness) were finally adopted in this study. Fruits with maximum height of 6 cm and width of 8 cm were suitable for test by the designed device. The higher potential electrode is fixed to the one terminal of screw and the nut is fixed on the support frame. The pressure sensor is pasted on the support frame and the lower potential electrode is pasted on the top surface of pressure sensor. The lower potential electrode kept stationary and the contact force between electrodes and measured objects was controlled by adjusting the nut-bolt mechanism. Considering the mass of plant-fruit was difficult to measure online, the fruit volume was measured to overcome the effect of fruit size on impedance. Thus the bulk impedance was calculated by dividing fruit impedance by volume and used in this study. To explore the effect of temperature on impedance, temperature measuring system was designed based on AD590, microcontroller AT89S52 and liquid crystal display 12864. The pressure sensor is a piezoresistive sensor FSR402 (interlink electronics, Co., Ltd., USA) with 0-100 N measurement range and 12.7 mm diameter effective detection area. The output resistance of sensor rise with the increase of force applied to the sensor surface, and thus the pressure force of electrode on fruit is turned into resistance (R F ). To facilitate sensing the force signal, the output resistance of sensor was turned into corresponding voltage signal. The detailed circuit presents in Figure 3 . ME7660 is a charge pump DC-DC voltage converter used for converting the +5 V into -5 V and providing reference voltage for sensor FSR402.
LM324 is a high-performance operational amplifier used for amplifying the output voltage of FSR402 into U 0 . This voltage U 0 is converted by an A/D and the corresponding contact force is calculated.
Figure 3 Pressure detection circuit
The two-terminal and four-terminal structures are commonly adopted measured patterns. Despite four-terminal method offer the advantage of reducing electrode polarization impedance (EPI) [22] , two-electrode measurement method was used in this study considering the convenience in clipping the tomato fruit. EPI can cause inaccuracies in the measurement at low frequencies [3] . The EPI is mainly apparent at frequencies below 20 Hz [29] . The measured values under frequencies above 1 kHz were analysed in this study to decrease EPI. To avoid self-heating and injuring plants and thus influencing subsequent normal growth, impedance measurements were measured at 0.1 V and scanned 91 spot frequencies (logarithmic frequency intervals) between 1 Hz and 1 MHz. The contact points between electrode and tomato tissue was symmetrically along the radial direction as shown in Figure 2 . Moreover, to avoid the contamination of the juice from the first test samples to subsequent test samples and juice corrosion to metal electrodes, electrodes were washed with deionised water and wiped dry with a filter paper after each measurement. Any contact between leaves and fruits should be averted to improve the accuracy of impedance measurements.
Results and discussion

Effect of maturity on pH and soluble solids content of tomato fruit
pH is a significant quality index of processing tomatoes and SSC is a frequently-used measure for assessing tomato quality [24] . The pH and SSC of tomato gradually rise as the increase of maturity (Figure 4 and Figure 5 ). This is consistent with what has been reported previously [24] . The pH range of tomato fruits is 4.0-4.4. The sharp increase in pH and SSC occurs during the period from T2 to T3 while corresponding changes are slow at the other two stages from T1 to T2 as well as from T3 to T4. This may because that the stage from T2 to T3 has sharp jump in respiration and production of ethylene that accelerates the maturity. Furthermore, respiration action gradually dominated as fruits ripening. Higher respiratory leads to strong utilization of acids, during which the main acids such as citric and malic acids in fruits were oxides and ATPs were generated for synthesis of new compounds [30] . 
Determination of optimal EIS parameters
Variation in impedance, phase angle and capacitance with frequency and the reactance against resistance were analysed to determine the frequencies where an obvious difference in the EIS parameters was found with respect to the change in ripening stage. The curve fitting was performed by Z-view software, and Matlab 7.1 software was used to conduct data analysis.
Change in impedance with respect to frequency
EIS studies carried out during tomato plant-ripening showed that the impedance (Figure 6a ), capacitance (Figure 6c ), phase angle (Figure 6d ), resistance (Figure 6e ), reactance (Figure 6f ) and Cole-Cole arc (Figure 6b ) of tomato varied with the progress of ripening as well as with the frequency. The impedance gradually increases as the tomato gets ripened in a range of measured frequencies. The result coincided with the study for banana by Atanu et al. [2] The reason is probably attribute to the increase in sugar content and other subsequent physiological changes such as decrease in acidic or salt. Moreover, the deduction of iron parts in tomato tissue may also causes decline of tissue conductivity and thus increases impedance. The conductance of an aqueous solution is closely correlated with the ion content of the samples. Moreover, impedance measurements also depended on the ions capability of movement under the action of an electrical field in this aqueous solution [31] . However, the impedance value was persistently declining along with the increase of the durian maturity [19] . Their result was contradicted with the result in this study, which can be explained that the number of cortical sclereid in the outer part of the lower stem increased as the durian matured and the increase in sclereid lead to the more electrolytes in the extracellular liquid and decrease in impedance of durian [19] .
For biological tissue, cell can be expressed as cell membrane, intracellular and extracellular fluids which are separated by cell membrane. The cell membrane can be represented by a capacity and a resistor in parallel with two additional series resistors characterised intracellular and extracellular fluids [32] .
The impedance of biological tissue drops with the increase in frequency due to the capacity characteristics of the cell membrane.
Change in capacitance with respect to frequency
A sharp decrease in capacitance (C) was observed up to around 10 kHz and then the decrease rate was slow and started to level off towards high frequency region (Figure 6c ). This phenomenon was in agreement with the results by Rehman et al. [33] for mangos and by Pramote et al. [19] for durians. A monotonous drop in C value was visually observed as tomato fruits matured. The membrane permeability of tomatoes increased as the progression of ripening process [27] . Therefore, it is speculated that a decrease in C was caused by the increase of membrane permeability. The distinction in C value is obvious at 1 kHz.
Change in reactance with respect to resistance
Resistance and the absolute value of reactance were plotted in the Nyquist plot from 100 Hz to 1 MHz with respect to maturity ( Figure 6b) . The curve displays a semielliptical arc with its centre below the X-axis. The curve can be described by the modified model shown in Figure 7 . A monotonous decrease in the resistance was visually observed as the increased frequency (from right to left in Figure 6b ). The absolute value of reactance of samples with different maturity reached to a peak near 1 kHz and descended as the frequency continuously increased. The frequency of 1 kHz was afterwards defined as the peak frequency where maximum reactance value occurred.
At high frequency region (the left side of Figure 6b ), the Cole-Cole plot was close while the obvious divergence in plot for sample with different maturity was observed at low frequencies.
As the fruits ripened, the semielliptical arc continuously expanded, which was contrary to the ripening of nectarine fruit [4] and the loss of moisture content in sliced cucumber [22] . The capacitance of biological membranes was normally quantified by the reactance of biological tissue [4] .
As the fruits matured, the membrane permeability gradually increased and thus resulted in the drop in C. Therefore, it is speculated that the semielliptical arc extended as ripening was caused by the drop in C. As such, the reactance exhibited divergence in low frequencies over the course of maturity.
The Cole-Cole plots from samples with different maturity were close at high frequencies. This phenomenon can be explained that at high frequencies, the capacity of cell membrane C m can be ignored because the value of C m is far less than that of other parameters. Thus, impedance mainly depends on extracellular and intracellular resistances. Though ripening degree had an evident effect on cell membrane C m , this can be ignored at high frequencies, and thus measurement values from different treatments are close. Moreover, the polarization in the material requires sufficient time. The high frequency signifies a short polarization time, which resulted in complete polarization. As a result, the total polarization was decreased by the increased frequency.
Change in phase angle of impedance with respect to frequency
The phase angle (θ) continuously drop in value up to peak value and then rise as the increased frequency (Figure 6d ).
In the low-frequency region, in view of the high electric capacity of cell membranes, the electrical current mainly flows through extracellular fluid, which presents relatively high resistance and dominates in total impedance [34] . Thus θ value is relatively small. With the increase of frequency, the current flow through the intracellular and extracellular fluids. The proportion of reactance of the membranes in total impedance gradually increases and thus θ increases continuously. At high frequencies, the total impedance mainly depends on the intracellular and extracellular resistances because the reactance actioned by membrane capacity gradually decreases. As a result, the value in θ continuously reduces.
Moreover, the valley value in θ increased along with progression of ripening process. The capacitance reduces with maturity and thus the share of reactance in total impedance increases.
The lower tissue homogeneity (geometry and composition) implied the higher parameter dispersion and lower phase angle [35] . As fruit ripening, the fruit tissue became uniform because the composition changes from the combination of solid and liquid phase to the tissue dominated by liquid phase composition. As a consequence, the phase angle offered high values with the progression of maturity.
The phase angle variation also indicated that the characteristic frequency at the maximum phase angle appears different and increased as maturity. This is due to the drop in the reactance in the tomato during the process. Coincides with the results by Atanu et al [2] for banana. Figure 6 Variation in the impedance spectra of tomato fruit for different ripening stage
Development of equivalent circuit model
The physical properties of the materials can be quantified by monitoring the changes of equivalent circuit parameters.
The equivalent circuit model is developed with Z-view software, and the Nyquist plots are fitted. Based on Nyquist curve fitting, the equivalent circuit parameters about the tomato fruits are acquired. Equivalent parameters were estimated using complex nonlinear least square (CNLS) curve-fitting [36] . For the CNLS fitting, the basic rule must be observed is that the sum of the squares of real and imaginary residuals was minimized. During the development of the equivalent circuit model, several different models were tested to acquire model with best performance. By analyzing the fit results, it is found that the equivalent circuit model as shown in Figure 7 presents the optimum fit model and good results with Chi-squared 0.006833 and sum of sqr 0.97032, and this model was selected for subsequent analysis.
To describe the variations in the impedance characteristics shown in Figure 6 quantificationally, equivalent circuit analysis was conducted. To test the validity of model fitting, samples without involving model development and fitted the established equivalent circuit model to experimental impedance values were randomly selected to evaluate the fitting accuracies. Figure 8 shows the comparison between the approximation results of the models and experimental results of tomato fruit (10 d after fruit begin to turn white). It can be seen that the measured values for Z, R, X and θ with corresponding R 2 R , R 2 X , and SD of 0.987, 0.975, and 43 Ω, respectively. This fact demonstrates that the developed model as show in Figure 7 presents good performance and can be used to evaluate the maturity of tomato fruit. R 2 R , R 2 X , and SD can be calculated by the method found in Ref [37, 38] . Considering Z and θ can be described by R and X, that is, R=|Z|cosθ, X=|Z|sinθ, the fitting accuracy for R and X imply those of Z and θ.
The model (in Figure 7 ) was used to analyze the impedance spectra of samples with different ripening degree.
The experimental data (measurement value) presents a perfect fit with the approximations (calculation values To examine the impedance variation of different samples, the impedance responses from different samples from same branch were studied. Three different tomato samples (named as S1, S2 and S3) from a same branch were selected and the impedance responses were analysed using EIS (Figure 9 ). It is observed that the change of impedance parameters is low for the samples from a same branch. Cole-Cole plots of the three tested samples are visually close to each other. This results shows that the ripening stage of all other samples can be predicted and assessed by the impedance spectroscopy from one sample. Figure 9 Impedance variation in different samples from a same tomato branch
Maturity classification of tomato
The size difference of impedance arc at different ripening stages implied that the arc size can be used as one of the prediction variables.
The arc size can be characterised by the five parameters including R max (R value at maximum frequency of 1 MHz), R min (R value at minimum frequency of 100 Hz), as X max (X value at maximum frequency of 1 MHz), X min (X value at minimum frequency of 100 Hz) and X peak (X value at peak frequency of 1 kHz where the X value is maximal). Therefore, the optimal frequencies were selected as 100 Hz, 1 kHz and 1 MHz.
To test the performance of ripening classification using EIS parameters, the further investigation was performed. In order to distinguish mature tomato, analysis was conducted using the five EIS parameters mentioned above (R max , R min , X max , X min and X peak ). The results (Table 1) showed that the classified model presented good performance with an accuracy of 86.7%. 
Conclusions
Tomato plant ripening has been analysed non-destructively using EIS and the electrical impedance variations during the ripening was investigated. The results showed that the impedance, phase angle, resistance, reactance and capacitance increased with the progression of maturity. The Cole-Cole plots gradually enlarged during ripening. The equivalent circuit including CPE were acquired by CNLS fitting with high accuracy. The obtained classified model by discriminate analysis presented good performance with an accuracy of 88.3%.
The sensitive frequencies 100 Hz, 1 kHz and 1 MHz for discriminating tomato ripening were selected and the five corresponding sensitive electrical parameters were determined. Impedance analysis for different samples from the same branch implied that the ripening stage of all other samples can be predicted and assessed by the impedance spectroscopy from one sample. Therefore, the method conducted on limited samples can be extended to characterise the ripening status of entire tomato samples. This study laid the foundation for determining the appropriate picking time by robotic arms. However, the mathematical model perhaps varies for different tomato variety because of the difference in physiology and microstructure. Therefore, a systematic and comprehensive study for different varieties is necessary in future to extend the application scope. Moreover, in order to improve the accuracy, the quantitative relationships between the electrical impedance parameters and physiological parameters such as pH, soluble solids content and titratable acid, etc. should be developed.
Although two-terminal configuration was applied in the frequency range from 100 Hz to 1 MHz to minimise the EPI, the contact resistance which led to error was still remained. Four-terminal configuration which is an efficient technique to decrease polarization impedance can be adopted in the future investigation. Besides, the effect of temperature on impedance during measurement should be considered.
